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Background: Termites and their microbial gut symbionts are major recyclers of lignocellulosic biomass. This
important symbiosis is obligate but relatively open and more complex in comparison to other well-known insect
symbioses such as the strict vertical transmission of Buchnera in aphids. The relative roles of vertical inheritance and
environmental factors such as diet in shaping the termite gut microbiome are not well understood.
Results: The gut microbiomes of 66 specimens representing seven higher and nine lower termite genera collected
in Australia and North America were profiled by small subunit (SSU) rRNA amplicon pyrosequencing. These represent the
first reported culture-independent gut microbiome data for three higher termite genera: Tenuirostritermes, Drepanotermes,
and Gnathamitermes; and two lower termite genera: Marginitermes and Porotermes. Consistent with previous
studies, bacteria comprise the largest fraction of termite gut symbionts, of which 11 phylotypes (6 Treponema,
1 Desulfarculus-like, 1 Desulfovibrio, 1 Anaerovorax-like, 1 Sporobacter-like, and 1 Pirellula-like) were widespread
occurring in ≥50% of collected specimens. Archaea are generally considered to comprise only a minority of the
termite gut microbiota (<3%); however, archaeal relative abundance was substantially higher and variable in a
number of specimens including Macrognathotermes, Coptotermes, Schedorhinotermes, Porotermes, and Mastotermes
(representing up to 54% of amplicon reads). A ciliate related to Clevelandella was detected in low abundance in
Gnathamitermes indicating that protists were either reacquired after protists loss in higher termites or persisted in
low numbers across this transition. Phylogenetic analyses of the bacterial communities indicate that vertical inheritance
is the primary force shaping termite gut microbiota. The effect of diet is secondary and appears to influence the relative
abundance, but not membership, of the gut communities.
Conclusions: Vertical inheritance is the primary force shaping the termite gut microbiome indicating that species are
successfully and faithfully passed from one generation to the next via trophallaxis or coprophagy. Changes in relative
abundance can occur on shorter time scales and appear to be an adaptive mechanism for dietary fluctuations.* Correspondence: p.hugenholtz@uq.edu.au
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Co-evolution of microbial species with eukaryotic hosts
is well known for obligate endosymbionts such as
Buchnera in aphids [1] and Wolbachia in nematodes [2].
The importance of vertical inheritance is less clear in
more open symbioses such as the microbiota of gastro-
intestinal tracts in which environmental perturbations
and lateral transfer of organisms between hosts may play
a more prominent role. Using culture-independent small
subunit (SSU) rRNA-based community profiling, Ley
et al. [3,4] found that both host phylogeny and diet
shape gut microbiomes in many mammalian species and
Ochman et al. concluded that vertical inheritance of gut
microbiota in primates is discernable over evolutionary
time scales [5].
Termites provide an appealing model system to ex-
plore the relative importance of vertical inheritance and
environmental factors on symbiotic gut microbiota as
unlike most insects, their gut communities are relatively
complex comprising in the order of hundreds of species
[6]. Termites are thought to have evolved from a
cockroach-like ancestor into strictly eusocial insects that
feed exclusively on lignocellulosic biomass [7]. Such re-
calcitrant substrates are digested through an obligate
symbiosis with specialized gut microbiota comprising
bacteria and protists in lower termites (classified into
eight families) and bacteria only, in more recently
evolved higher termites (classified in a single family, the
Termitidae) [8]. Accordingly, transmission of gut micro-
organisms between termites is more strictly regulated
than in mammals via trophallaxis (mouth to mouth
transmission) or coprophagy (consumption of feces) [9]
and co-speciation with the host has been observed in se-
lected members of the gut community [9]. To determine
whether vertical inheritance is the dominant force shap-
ing termite gut communities more broadly, we used SSU
rRNA gene amplicon pyrosequencing to profile the gut
microbiomes of 66 termite samples, representing 16 gen-
era, obtained in Australia and North America. These
data expand current knowledge of termite gut micro-
biome diversity and represent the first gut community
profiles for three higher (Tenuirostritermes, Drepano-
termes, Gnathamitermes) and two lower (Marginitermes,
Porotermes) termite genera.
Results
Sample collection and host identification
Samples of 66 termite colonies and two cockroaches
were collected in Australia (Queensland and the Northern
Territory) and the United States (Arizona) (Additional
file 1: Table S1). Termites were identified by sequencing
and comparative analysis of their mitochondrial cyto-
chrome oxidase II (COII) genes [10] using the cock-
roaches as outgroup taxa. They were classified accordingto their closest identified phylogenetic neighbor in the
public reference database (Additional file 2: Figure S1)
and also by soldier morphology (Additional file 3:
Figure S2). A total of 16 termite genera were sam-
pled, seven higher and nine lower termites representing
five of the nine recognized families (Table 1). The phylo-
genetic tree used to classify our samples (Additional
file 2: Figure S1) is consistent with previous infer-
ences based on COII and other marker genes [11-13]
with the following observations. The genus Nasutitermes
is not monophyletic [14], clustering together with several
other nasute genera (subfamily Nasutitermitinae) in-
cluding Tumulitermes, Hospitalitermes, and specimens
7TT2 and 7TT3, morphologically identified as Tenuir-
ostritermes. Similarly, Amitermes is not monophyletic,
clustering together with Gnathamitermes and Drepa-
notermes, although it should be noted that internal
groupings within the Termitidae are not well supported
by bootstrap resampling. Specimens 8MH1 and 9MH1
are the first COII data for the genus Marginitermes, and
these sequences are grouped with members of the family
Kalotermitidae as predicted by morphological similarities
[15]. All other COII sequences obtained from the col-
lected specimens, including cockroach outgroups, are
grouped with reference sequences belonging to the
expected genera predicted by morphology (Additional
file 2: Figure S1). We then used this host phylogeny
as a reference to establish the degree of vertical in-
heritance occurring with resident gut microbiomes.
Gut microbiome profiling
Whole guts were removed and pooled from 5 to 30
workers depending on the size of the species (Additional
file 1: Table S1). In the case of the two cockroach out-
groups, the gut material of a single individual was used
for subsequent analyses. Culture-independent microbial
community profiles were determined via SSU rRNA
gene amplicon pyrosequencing using the primers 926F
and 1392R that broadly target all three domains of life
[16]. To evaluate the reproducibility of the profiles based
on sets of pooled workers, we initially generated three
biological replicates for four samples representing differ-
ent termite genera. Clustering of samples by redundancy
analysis (RDA) using Hellinger transformed data showed
that the variation between the biological replicates of
each subsampled genus was significantly less than the
variation between termite genera (Additional file 4:
Figure S3). Based on these observations and to permit a
broader survey, we generated only one pooled worker
sample profile for each of the remaining 62 termite
specimens. A total of 457,947 pyrosequence raw reads
were produced from the 68 samples ranging from 600
to 10,000 per sample after removal of termite (or
cockroach) host SSU rRNA gene sequences, which
Table 1 Summary of the surveyed 66 termite whole gut samples according to host phylogeny (genus and family);
sample location (country); and relative bacterial, archaeal, and protist abundances using universal primers (926F) and
prokaryote primers (803F) in some instances (see text and Additional file 13: Figure S10)
Termite genus Family Number of samples Bacteria Archaea Protist
Aus USA Total % % %
Higher 926F 803F 926F 803F
1 Drepanotermes Termitidae 1 0 1 97.5 2.5 0.0
2 Gnathamitermes Termitidae 0 8 8 99.7 0.1 0.2
3 Amitermes Termitidae 2 8 10 98.2 1.7 0.0
4 Nasutitermes Termitidae 7 1 8 97.5 2.5 0.0
5 Tenuirostritermes Termitidae 0 2 2 99.8 0.2 0.0
6 Microcerotermes Termitidae 12 0 12 99.1 0.9 0.0
7 Macrognathotermes Termitidae 1 0 1 77.9 63.5 22.1 36.5 0.0
Sub-total 24 18 42
Lower 926F 803F 926F 803F
8 Reticulitermes Rhinotermitidae 0 3 3 92.0 0.2 7.8
9 Heterotermes Rhinotermitidae 6 0 6 91.4 5.3 3.3
10 Coptotermes Rhinotermitidae 3 0 3 66.5 78.6 33.4 21.4 0.1
11 Schedorhinotermes Rhinotermitidae 3 0 3 82.3 72.9 17.2 27.1 0.5
12 Marginitermes Kalotermitidae 0 2 2 98.5 0.0 0.2
13 Incisitermes Kalotermitidae 0 1 1 97.6 0.0 1.5
14 Glyptotermes Kalotermitidae 2 0 2 100.0 0.0 2.4
15 Porotermes Stolotermitidae 1 0 1 42.1 50.1 57.7 49.9 0.0
16 Mastotermes Mastotermitidae 3 0 3 82.2 92.4 17.4 7.6 0.4
Sub-total 18 6 24
Overall 42 24 66
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sample. Specimens were randomly resampled to a
depth of 600 reads, and rarefaction and diversity ana-
lysis suggested that this was adequate to describe the
overall diversity of the samples (Additional file 5:
Figure S4). The resampled data was normalized for
SSU rRNA copy number variation using CopyRighter
[17] which can vary by up to an order of magnitude
between prokaryotic genera. However, the effect of
copy number correction was relatively subtle for these
datasets (Additional file 6: Table S2). Overall, the ma-
jority of non-host amplicon reads from the whole gut
samples were bacterial (95.4% on average in higher
termites, 83.8% in lower) with smaller percentages of
archaea (4.5% in higher, 14.4% in lower) and protists
(0.1% in higher, 1.1% in lower) recovered (Table 1).
Bacterial profiles
To determine the evolutionary distribution and conser-
vation of bacterial groups across the sampled termite
host radiation, we performed a prevalence versus
relative abundance analysis [18]. Beginning at the broadtaxonomic rank of phylum, all termite gut microbiomes
were noted to comprise a core set (100% prevalence)
of four bacterial phyla (Bacteroidetes, Firmicutes, Spi-
rochaetes, and Proteobacteria) and an accessory set
(<100% prevalence) of six bacterial phyla (Elusimicrobia,
Fibrobacteres, Actinobacteria, Synergistetes, Planctomy-
cetes, and Acidobacteria) using a relative abundance
threshold of 1% in at least one sample (Table 2). Within
the termite cohort, the core and accessory phyla showed
pronounced differences in prevalence and relative abun-
dances most notably between lower and higher termites.
On average across the sampled genera, the Bacteroidetes
are more abundant in lower than in higher termites,
and the Spirochaetes, Acidobacteria, Fibrobacteres, and
Synergistetes are more abundant in higher than lower
termites (Table 2 and Additional file 7: Figure S5). We
also observed that the Elusimicrobia are highly abundant
in many lower termites while being nearly absent in all
higher termites (Additional file 8: Figure S6). These
differences in relative abundance are mostly accounted
for by a small number of genera in each of the phyla
(see below). Additionally, we noted a secondary pattern
Table 2 Summary of core and accessory bacterial phyla in higher and lower termite gut communities present
at >1% relative abundance in at least one sample
Higher Lower
Phyluma Prevalence Relative abundance Prevalence Relative abundance p values
% % (SD) % % (SD)
Bacteroidetes 100.0 6.3 (±5.0) 100.0 41.3 (±24.8) ***
Firmicutes 100.0 24.0 (±14.1) 100.0 19.1 (±11.6) _
Spirochaetes 100.0 44.3 (±18.9) 100.0 13.2(±13.0) ***
Proteobacteria 100.0 5.5 (±2.7) 100.0 7.5 (±6.5) _
Planctomycetes 100.0 4.3 (±4.4) 79.1 2.3 (±2.6) _
Synergistetes 95.2 3.1 (±3.0) 95.8 1.0 (±0.6) _
Actinobacteria 92.9 1.8 (±1.8) 87.5 2.3 (±2.1) _
Acidobacteria 90.5 2.0 (±1.3) 45.8 <1 (±0.8) ***
Fibrobacteres 95.2 5.7 (±5.2) 12.5 <1 (±1.1) ***
Elusimicrobia 31.0 <1 (±0.2) 70.8 8.4 (±15.3) _
Prevalence and average relative abundance (and standard deviation) of each phylum in each group is shown. Statistically significant differences between phyla in




aCore phyla are bolded.
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termite genera (i.e. those comprising species with differ-
ent diets) tended to show an increase in the relative
abundance of Spirochaetes and Fibrobacteres and a de-
crease of Firmicutes on a wood relative to a grass diet
(Nasutitermes) and on a grass relative to dung diet
(Gnathamitermes) (Additional file 9: Figure S7).
For the Bacteroidetes, the genus Candidatus Azobac-
teroides is highly represented in many of the lower ter-
mite specimens; and for the Elusimicrobia, members of
the genus Candidatus Endomicrobium are similarly
highly represented in several lower termite genera
(Figure 1). For the Spirochaetes, the genus Treponema is
highly represented in all of the higher termite genera;
and for the Fibrobacteres, which were not detected in
most of the lower termite samples, members of the
classes Chitinovibrionae (TG-3) and Fibrobacteres-2
were broadly represented in higher termite specimens
(Figure 1). At increased phylogenetic resolution, several
operational taxonomic units (OTUs) stood out either be-
cause they were abundant (>10% of bacterial reads) in
one or a few termite genera and/or prevalent in the sur-
veyed termites (present in >50% of specimens) (Figure 2).
Four OTUs belonging to Candidatus Azobacteroides
represent on average >10% of the reads from the guts of
a number of lower termite genera and appear to have a
co-evolutionary signal. For example, OTU5 is found in
five of the six Heterotermes specimens that cluster together
in the COII tree (Additional file 2: Figure S1), with the
phylogenetic outlier, Heterotermes BF01 containing a differ-
ent Candidatus Azobacteroides OTU (OTU7; Figure 2).Similarly, three abundant Candidatus Endomicrobium
OTUs likely representing separate species occur in
different lower termite genera (Porotermes—OTU43,
Incisitermes—OTU55, Reticulitermes—OTU24; Figure 2
and Additional file 10: Figure S8). Other abundant OTUs
included Candidatus Vestibaculum in Incisitermes
(OTU27) and Marginitermes (OTU105), Blattabacterium
in Mastotermes (OTU22) and in the cockroach out-
groups (OTU3), Enterococcus (OTU44) in one Copto-
termes sample (AP01), Dysgonomonas (OTU207) in
one Heterotermes sample (SL01), and Fusobacterium
(OTU133) in all three Mastotermes specimens. In terms
of prevalence, Treponema was the standout genus, with
six Treponema OTUs being broadly represented across
the higher termites and in some instances also across the
lower termites, for example OTU1 (present in 92% of all
specimens; Figure 2). To confirm that the ubiquity of this
OTU was not due to sample contamination, we exam-
ined it at higher resolution by dividing the 7,223 reads
comprising OTU1 into identical clusters (Additional
file 11: Table S3). Most (89%) of these identical clusters
were from members of the same termite families suggest-
ing minimal contamination (and vertical inheritance) and
also indicating that while 97% OTUs reduce the effect of
pyrosequencing error on diversity estimates [19], they are
often composites of multiple strains [20]. Although
OTU1 was present as a low abundance member in most
termite genera (<1%), it was highly represented in Micro-
cerotermes (up to 35% of bacterial reads; Additional
file 9: Figure S7). Other high prevalence (and mostly low
abundance) OTUs included Desulfarculus-like (OTU51),
Figure 1 Heatmap showing microbial taxa (mostly genus and family level) with relative abundance ≥0.2% in one or more whole gut
samples surveyed in this study. Each row represents a gut sample and each column a microbial taxon with relative abundance indicated by
shading according to the legend. Phylum-level designations for the microbial taxa are indicated at the top of the figure, and host sample
phylogeny is indicated to the left (family) and right (genus) of the figure.
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obacter-like (OTU364), and Pirellula-like (OTU151) bac-
teria (Figure 2 and Additional file 10: Figure S8).
Archaeal profiles
Archaea comprise a minority of the higher termite gut
community profiles with the exception of the Macro-
gnathotermes sample (20% of reads) and represent >10%
of the profiles in four of the nine lower termite genera
investigated, in one instance comprising more than half
the reads (Porotermes 57%; Table 1). Three of the five
termite genera with high archaeal signal had multiple
representatives (Coptotermes, Schedorhinotermes, and
Mastotermes), which showed a high degree of variation
in the percentage of archaeal reads (Figure 3). To cross-
check that this variation and that the unexpectedly high
archaeal abundance in many of these samples was
not the result of primer bias, we generated additionalcommunity profiles using a different forward primer, 803F,
which broadly targets bacteria and archaea [16]. The pro-
files were largely consistent between the two primer sets
confirming both the sample-to-sample variation within a
termite genus and that the archaea comprise a high per-
centage of the amplicon reads in some samples (Table 1
and Additional file 12: Figure S9). The majority of detected
archaeal phylotypes are Euryarchaeota most closely related
to methanogenic genera including (in descending relative
abundance) Methanobrevibacter, Methanomassiliicoccus,
Methanobacterium, Methanimicrococcus, and Methanos-
pirillum. Additionally, a Crenarchaeote belonging to an
uncultured lineage, pGrfC26 [21], was detected up to
10.2% in some termite genera (Figures 1 and 3).
Eukaryotic profiles
Non-termite host eukaryotic sequences represented only
1.0% of the community profiles averaged over the 16
Figure 2 Prevalence versus relative abundance graph of bacterial OTUs (97% sequence identity) in the surveyed gut samples. OTUs
with ≥10% relative abundance or ≥50% prevalence across the 66 termite samples are highlighted in red and labeled with OTU ID and closest
matching bacterial genus. Relative abundance was calculated only using samples containing detectable amounts of a given OTU. In instances
where the OTU is only found in a single termite genus, the termite genus is also included in the label.
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lower termite Reticulitermes (8%; Table 1). These per-
centages likely do not reflect protist cell numbers or ra-
tios due to the much higher number of rRNA copies in
protists relative to bacteria and variation of copy number
between protist lineages [22]. The majority of the
eukaryotic reads were classified as parabasalids (Tricho-
nympha, Pseudotrichonympha, and Metadevescovina)
and oxymonads (Dinenympha) (Figure 1 and Additional
file 13: Figure S10). A low abundance phylotype (0.2 to
0.5%) most closely related to the ciliate Clevelandella
(98% sequence identity) was unexpectedly detected in
half of the Gnathamitermes samples (Additional file 13:
Figure S10).
Beta-diversity analyses
To explore the relative effect of vertical inheritance and
diet on termite gut microbiota, we calculated phylogen-
etic distances between bacterial communities with
(weighted) or without (unweighted) taking OTU relative
abundance into account. Hierarchical clustering of un-
weighted Soergel dissimilarity distances produced a top-
ology highly consistent with the inferred host evolution(Additional file 2: Figure S1; [11]) but not with inferred
diet where dietary variation was present, that is, in
polyphagous genera (Figure 4 and Additional file 14:
Table S4). All termite genera with >1 representative were
resolved as monophyletic groups according to compari-
son of their gut bacteria with the exception of Copto-
termes and Amitermes (Figure 4). However, the latter
genus was also not monophyletic within the COII tree
(Additional file 2: Figure S1), with FC04 and TV01 form-
ing a separate line of descent in both trees. The vertical
inheritance signal was strong enough to resolve some
family level associations (with >1 genus), including the
Termitidae with the exception of Macrognathotermes
and the Kalotermitidae (Figure 4). When OTU relative
abundance was taken into account, the host signal was
weakened particularly at the family level, but most ter-
mite genera were still resolved as monophyletic groups
(Additional file 15: Figure S11). Closer inspection of
Nasutitermes and Gnathamitermes revealed that relative
abundance clustered members of these polyphagous
genera by diet (Figure 5) reflecting the phylum-level
shifts noted previously (Additional file 9: Figure S7). Iso-
topic analysis of gut contents supports this observation
Figure 3 Heatmap showing archaeal OTUs (97% seq id) with ≥0.1% relative abundance in one or more of the surveyed gut samples.
Each row represents an OTU and each column a gut sample with relative abundance as a percentage of the total microbial community
(including bacteria) indicated by numbers and shading according to the legend. The termite genus for each sample is indicated at the top of the
figure, and OTU phylogeny is indicated to the left (phylum) and right (mostly genus) of the figure.
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(d13C:−25‰ to −27‰) than their grass (d13C: −13‰
to −14‰) or dung feeding (d13C: −16‰ to −22‰)
counterparts (Figure 5).
Discussion
Termite gut microbiota have been the subject of an in-
creasing number of investigations over the past years
using a suite of new molecular tools [7]; however, a large
amount of termite diversity remains to be explored.
Here, we present the first extensive culture-independent
molecular survey of the gut microbiomes of Australian
termites and expand our existing knowledge of North
American termite gut microbial diversity. These data are
then used to assess the relative effect of vertical inherit-
ance and environmental factors (primarily diet). The 16
termite genera examined in this study have a set of core
and accessory gut bacterial phyla that distinguish them
from all other habitats (Table 2). This observation is
consistent with previous culture-independent studies
which show that the combination of these phyla is highly
distinctive of the termite gut microbiome [7,23-25] par-
ticularly in comparison to other insect gut communities[26,27]. This distinctiveness is further underlined by the
observation that the majority of operational taxonomic
units (OTUs) identified in the present study cluster
with sequences from previous termite surveys [28-38].
A recent extensive rRNA-based survey of gut bacteria
in 34 termite species [24] allows direct comparison of
the bacterial profiles of seven termite genera that over-
lap between the studies. The three higher termite pro-
files generally match well, but the four lower termite
profiles have some conspicuous differences even at the
relatively course phylogenetic resolution of phylum. In
particular, the Dietrich et al. [24] profiles have higher
proportions of Spirochaetes and lower proportions of
Bacteroidetes and Firmicutes than the corresponding
profiles in our study (Additional file 16: Figure S12).
For Reticulitermes and Coptotermes, this may reflect
real differences as different species were profiled; but
for Mastotermes and Incisitermes for which the same
species were examined, the more likely explanation is
differences arising from methodology such as DNA
extraction method [39] and/or PCR primers used [40].
A study by Sabree and Moran [41] using similar DNA
extraction method and primers to ours produced a
Figure 4 UPGMA tree of unweighted (presence/absence only) Soergel pairwise distances between bacterial profiles showing a high
consistency with host phylogeny and low consistency with diet (Additional file 14: Table S4). The values on interior nodes represent
jackknife support values ≥49. Termite host affiliation (family) and presumptive diet are indicated to the right of the tree.
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file 16: Figure S12).
With these methodological caveats in mind, key differ-
ences between higher and lower termite gut profiles are
linked to the presence of protists in the latter group.
The Bacteroidetes and Elusimicrobia are the most over-
represented phyla in lower termites relative to higher
termites because they harbor highly abundant members
of the Candidatus genera Azobacteroides, Vestibaculum
(Bacteroidetes), and Endomicrobium (Elusimicrobia;
Figure 2), which are recognized protist symbionts [9,42,43].
Candidatus Azobacteroides pseudotrichonymphae, an
endosymbiont of the parabasalid Pseudotrichonymphagrasii, has previously been reported to comprise ap-
proximately 70% of the bacterial cells present in the
gut of Coptotermes formosanus [44]. Here, we found
phylogenetically distinct Candidatus Azobacteroides
spp. comprise up to 66% of the bacterial gut profiles
in Coptotermes, up to 63% in Schedorhinotermes, and up
to 72% in Heterotermes (Additional file 10: Figure S8) and
identified their putative Pseudotrichonympha hosts only in
those termite genera (Figure 1 and Additional file 13:
Figure S10), supporting the previously reported specific
relationship between the two in multiple termite genera
[9]. Candidatus Vestibaculum illigatum was first reported
in Neotermes cubanus and was shown to be an epibiont of
Figure 5 Subtrees of host and bacterial community phylogenetic comparisons showing secondary effect of diet on community
structure of polyphagous termite genera. When the relative abundance of bacterial OTUs is taken into account (weighted Soergel), samples
cluster according to diet. The values on interior nodes of the COII trees are FastTree local support values and jackknife support values ≥49 on the
Soergel UPGMA Carbon isotope values of gut contents are shown in the far right panels.
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abundant populations (8%–22%) of Candidatus Vestibacu-
lum in Incisitermes and Marginitermes, both members of
the family Kalotermitidae. Assuming that Candidatus
Vestibaculum is a specific epibiont of Staurojoenina,
this is consistent with the observation that Staurojoe-
nina is only found in members of the family Kalotermi-
tidae [46,47]. However, the other Kalotermitidae genus
surveyed, Glyptotermes, lacked detectable populations
of Candidatus Vestibaculum (Additional file 10: Figure S8)
and Staurojoenina was not detected at all in our survey.
The latter observation may be due to our primer set not
targeting this parabasalid genus (two mismatches in the
926F primer to S. assimilis acc. AB183882).
Candidatus Endomicrobium was detected in all of the
lower termite genera surveyed and was also found in
low abundance in some of the higher termite genera
(Figure 1) consistent with previous findings [48-50]. In
Reticulitermes and Incisitermes, Candidatus Endomicro-
bium is a recognized cytoplasmic symbiont of the para-
basalids Trichonympha and Metadevescovina, respectively[50]. Our data are consistent with these observations as
high abundance populations of Candidatus Endomicro-
bium, and their respective host protists were detected in
Reticulitermes and Incisitermes (Figure 1). The highest rela-
tive abundance of Candidatus Endomicrobium was found
in Porotermes (65% of bacterial reads; Figure 2 and
Additional file 10: Figure S8); however, no protist
host sequences were detected, presumably due to pri-
mer mismatches as visual observation of Porotermes
gut contents reveal a high diversity of protist morphotypes
(unpublished observation).
The most prevalent (ubiquitous) genus in the gut sur-
vey was Treponema (Figure 2), which comprises most of
the Spirochaetes phylum signal. Treponema has been re-
ported in every termite gut investigation to date [7] and
contributes substantially to the distinctiveness of the ter-
mite gut microbiome. Numerous Treponema OTUs were
found in the present survey, many of which flourished
in the higher termites (Additional file 10: Figure S8)
likely following the evolutionary loss of protists from the
hindgut [51]. It has been shown that Spirochaetes are
Abdul Rahman et al. Microbiome  (2015) 3:5 Page 10 of 16essential for the survival of higher termites and that
their removal results in a shorter life span [52]. Metage-
nomic, metatranscriptomic, and metaproteomic analyses
of two higher termite genera, Nasutitermes and Ami-
termes, indicate that Treponemas are involved in all of
the major functions in the hindgut, including fiber
hydrolysis, fermentation, homoacetogenesis, and nitro-
gen fixation [23,53] which may explain their success
(ubiquity) and long term co-habitation with their termite
hosts. However, Treponema is a phylogenetically broad
genus [54-56] and it seems likely that not all species will
be capable of all key functions.
Two Deltaproteobacteria (Desulfovibrio and Desul-
farculus-like OTUs) were present in low abundance
in over half of the samples tested (Figure 2). Desulfo-
vibrio has previously been reported as a widespread
constituent of termite guts mainly based on cultiva-
tion studies, with proposed functions including oxy-
gen removal and nitrogen fixation [57]. However, the
Desulfarculus-like OTU was more prevalent (Additional
file 10: Figure S8) and a member of this group has re-
cently been inferred to be primarily responsible for the
first step in CO2-reductive acetogenesis [58]. If this key
functionality in the Desulfarculus-like group is conserved
across different termite genera, it may explain their wide-
spread distribution among the surveyed termites. Less
expected was the widespread occurrence of a Pirellula-
like planctomycete OTU (Figure 2). Planctomycetes have
been reported in alkaline gut segments of soil-feeding
termite genera, where they are speculated to play a role
in degradation of humus-associated biopolymers such as
N-acetylglucosamine [32]. No soil-feeding genera were
surveyed in the present study, although the planctomy-
cete OTU may be associated with alkaline segments
known to be present in several higher termite genera
[59]. The planctomycete OTU was also detected in three
lower termite genera (Additional file 10: Figure S8) which
are not known to have alkaline gut segments, suggesting
that planctomycetes are not strictly associated with
higher pH in termites.
Archaea have been reported to constitute only a small
fraction (up to 3%) of the termite gut ecosystem [60];
however, we found much higher percentages in the
amplicon profiles of a number of lower termite genera
and one higher termite genus (Table 1). We cross-
checked our findings with an alternative forward primer
broadly targeting bacteria and archaea (803F) and con-
firmed that the result was not an artifact of the universal
primer pair (926F and 1392R). Also considering that
many samples had archaeal proportions in the antici-
pated range (<3%; Table 1), we suggest that the higher
values are not artifacts of the primers or of the DNA
extraction method used. The observed variability in ar-
chaeal abundance between samples belonging to thesame termite genus, e.g. Schedorhinotermes (1.4%, 24.5%,
and 32.9%), suggests that archaeal abundance may
be more variable between specimens than previously ap-
preciated, possibly reflecting environmental factors or
simply temporal dynamics (‘archaeal blooms’). Only
hydrogenotrophic methanogens, dominated by Metha-
nobrevibacter in most cases, were detected in the sur-
veyed termite guts consistent with previous reports
[61-63], suggesting that acetoclastic methanogenesis is
likely unfavorable in this habitat. Phylotypes closely
related to a recently described phylogenetically novel
methanogenic genus related to the Thermoplasmatales,
Methanomassiliicoccus, were detected in several termite
genera raising the possibility that these methanogenic
populations may have an obligate requirement for
methanol [64].
Eukaryotes were not the primary focus of this study,
and our data are likely an underestimate of protist diver-
sity in the surveyed species due to primer mismatches
[65,66]. Also, rRNA-based relative abundance estimates
will likely not reflect cell counts (e.g. Reticulitermes [67])
due to the much higher number of rRNA gene copies in
protists relative to bacteria [22], the former of which is
not currently corrected by CopyRighter [17]. However,
some interesting qualitative observations were made in-
cluding putative protist host-bacterial symbiont pairings
described above. It is commonly reported that higher
termites lack flagellated protists, which are primary
agents of lignocellulose digestion in lower termites
[7,68,69]. Instead, bacteria and to a lesser extent, the ter-
mite itself, provide the enzymes necessary for lignocellu-
lose hydrolysis in higher termites [7,70]. Unexpectedly
then, a phylotype related to the ciliate Clevelandella,
previously reported in wood-feeding cockroach intestinal
tracts [71], was detected in the higher termite genus
Gnathamitermes (Additional file 13: Figure S10). An
older microscopic study of higher termite gut ecosys-
tems supports our findings with the identification of
small numbers of a closely related ciliate, Nyctotherus, in
Amitermes [72], although no protists were detected in
the Amitermes community profiles in the present study.
The presence of low abundance protist populations in
some higher termite genera suggests either reacquisition
after the major evolutionary transition to bacteria-
dominated gut communities in the higher termites or
low-level persistence of some protist species across this
transition. It will be interesting to determine if these cili-
ates are directly involved in lignocellulose digestion.
A primary motivation of our study was to determine
the relative importance of vertical inheritance (host
signal) versus diet on termite gut microbiota compos-
ition given the unusual status of termites among insects
in terms of gut microbiome complexity [6] and the im-
portance of termites as ecosystem engineers [23]. This
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servations of lower termites as they are primarily wood
feeders with the exception of Mastotermes [73]. How-
ever, we obtained sufficient specimens of polyphagous
higher termite genera to evaluate the relative effect of
diet and host signal. The strongest signal was clearly due
to vertical inheritance, with termite genus and even
family level associations being resolved based on gut
community profiles alone, particularly in unweighted
analyses (Figure 4). This is consistent with previous
studies indicating that vertical transmission plays an im-
portant role in structuring termite gut communities, for
example co-speciation of gut symbionts within the
genera Reticulitermes and Microcerotermes [28] and a
general host signal in whole gut community analyses
of 34 termite and cockroach species [24]. Mainten-
ance of host-specific microbial communities must be
achieved via vertical transmission during trophallaxis
or coprophagy, as there is no germline transfer in ter-
mites [74]. It is important to note that a dominant host
signal in gut community composition does not imply that
all component species are the product of vertical inherit-
ance, ultimately resulting in co-speciation. The termite
gut is an open system that would allow ingress of foreign
microorganisms, which may be able to persist under
favorable conditions. For example, it was speculated that
some Firmicute populations in Amitermes have been
laterally acquired from herbivore gut communities as
a result of dietary specialization, i.e. dung feeding [23]
(see below). These bacterial populations were then subse-
quently vertically transmitted in the Amitermes lineage.
While fine-scale reconstruction of population co-
evolution is not feasible with partial rRNA sequences, the
clusters of identical reads identified in the most ubiqui-
tous 97% OTU, Treponema OTU1, reflects the dominant
overall host signal but also suggests that a minority of
strains in the cluster may have been laterally transferred
between termite genera (Additional file 11: Table S3).
The effect of diet on gut community structure has
been addressed to a lesser extent in termites. No clear
dietary signal was observed in unweighted analyses
(Figure 4), but when the evenness (relative abundance)
of gut phylotypes was taken into account, a secondary
effect of diet on community structure became apparent
in the well-sampled polyphagous termite genera. Specif-
ically, Nasutitermes samples are partitioned into wood-
and grass-feeding clades and Gnathamitermes into
grass- and dung-feeding clades (Figure 5). Changes in
phylum-level abundances could be correlated with the
dietary differences such as an increased abundance of
Spirochaetes and Fibrobacteres and decreased abun-
dance of Firmicutes in wood-feeding relative to grass-
feeding Nasutitermes (Additional file 9: Figure S7). This
is consistent with previous reports of the importance ofSpirochaetes and Fibrobacteres in the digestion of wood
fibers [53,75]. He et al. [23] identified phylum-level shifts
between dung-feeding Amitermes and wood-feeding
Nasutitermes. Based on metagenomic and metatran-
scriptomic analyses, they explained these differences by
inferring that Firmicutes play a greater role in hemicellu-
lose hydrolysis and utilization of fixed-nitrogen com-
pounds required for dung digestion and Spirochaetes
play a greater role in cellulose hydrolysis and nitrogen
fixation required for wood digestion. However, our data
suggest that phylum-level differences attributed to diet
were overestimated in the He et al. study [23] because of
marked differences between the Amitermes and Nasuti-
termes gut communities due to vertical inheritance. We
estimate that changes in the relative abundance of these
phyla between wood- and grass-feeding Nasutitermes
samples is only 4%–8%, as opposed to the 15%–34% dif-
ferences seen between dung-feeding Amitermes and
wood-feeding Nasutitermes (Additional file 9: Figure S7).
Presumably in some instances, changes in relative
abundances of gut populations occurred over evolu-
tionary time scales in response to dedicated dietary
specialization [76]. However, recent feeding trial studies
of Reticulitermes flavipes indicate that such changes in
population evenness can occur on short time scales
allowing polyphagous termite species to adjust rapidly to
changes in their diet due to seasonal variation or avail-
ability of foraged plant species [77,78].
Conclusions
In summary, we infer that vertical inheritance is the pri-
mary force shaping the termite gut microbiome and that
most indigenous species are successfully and faithfully
passed from one termite generation to the next. Changes
in relative abundance can occur on shorter time scales
and appear to be an adaptive mechanism for changes in
diet. The resilience of termite gut communities to ex-
perimental dietary perturbations remains to be fully
explored. Our findings suggest that an evolutionary
perspective will greatly assist in deconvoluting specific
and whole community functionality in the termite gut
microbiome.
Methods
Sample collection and processing
Termite collections were made on public lands in
Queensland, Northern Territory (Australia), and Arizona
(United States of America). Where possible, specimens
were collected with their nest material and transported
to the laboratory in ventilated plastic containers at room
temperature to reduce stress to the insects. Termites
were removed from their nest material within a day of
arriving in the laboratory. For community profiling,
workers were transferred to a metal tray and frozen
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tubes and stored at −20°C until further processing.
Frozen specimens were thawed on ice, and gut tracts
were extracted using clean sharp tweezers. The guts were
immediately transferred into a sterile 1.5 ml microtube
on ice and stored at −20°C until extraction. For morpho-
logical identification, soldier specimens were stored in
85% ethanol.
DNA extraction
Total genomic DNAs were extracted from pooled (5–30)
whole gut samples, depending on size of species, using
FastDNA® SPIN kit for Soil (MP Biomedicals, Australia).
Termite guts were added to a lysing matrix, treated with
lysis buffer, and underwent bead beating in the Vortex-
Genie® 2 (MoBio Laboratories, USA). DNA was
bound to silica matrix and washed and eluted in
DNase-free water. DNA yield was then quantified by
the Qubit™ fluorometer and QuantIT ds-DNA BR assay
kit (Invitrogen, Australia). DNA concentration varied de-
pending on the biomass of the whole gut. DNA concentra-
tions were standardized across all samples to 20 μg/ml,
diluting where necessary in Ultrapure™ distilled water
(Invitrogen, Australia). DNA quality was evaluated using
gel electrophoresis on 1.0% agarose gels stained with SYBR
Safe, visualized on a CCD compact image system (Major
Science, USA).
SSU rRNA PCR and amplicon pyrosequencing
The universal primer pair 926F (or prokaryote-specific
803F) and 1392R were used to amplify the V6 to V8
variable regions of the SSU rRNA gene. Primer se-
quences were modified by incorporation of the Roche
454 A or B adaptor sequences and a unique 5–7 nucleo-
tide barcode (multiplex identifier; MID) to identify
amplicons originating from different samples in the
same sequencing reaction. The reverse primer 1392R
was barcoded on the 5′end with the MID between the
454 A adaptor (uppercase) and the SSU rRNA primer
(lowercase) (5′-CCA TCT CAT CCC TGC GTG TCT
CCG AC TCAG [MID] acgggcggtgtgtRc-3′); and the
926 forward primer (lowercase) was modified by
addition of 454 B adaptor (uppercase) at its 5′end (3′-
CCT ATC CCC TGT GTG CCT TGG CAG TC TCAG
aaactYaaaKgaattgRcgg-3′) (or 803 forward primer
ttagaKacccBNgtagtc) [40].
DNA amplification was carried out in 50 μl PCR reac-
tions, using 2 μl of termite whole gut DNA extract as
template. The amplification mixture contained 0.2 μl of
1U Fisher BioReagents* Taq DNA polymerase (Thermo
Fisher Scientific Inc., USA), 4 μl of 25 mM MgCl2, 1.5 μl
of BSA (Roche diagnostic, Australia), 5 μl of 10X buffer,
1 μl of dNTP mix (each at a concentration of 10 mM),
1 μl of each 10 mM forward primer and reverse primer;and E.coli was used as the positive control. PCR was
performed using a Veriti® Thermal Cycler (Applied
Biosystems™, Australia) with the following cycling parame-
ters: an initial denaturation step of 95°C for 3 min followed
by 30 cycles of 95°C for 30 s, 55°C for 45 s, 72°C for 90 s,
and a final extension of 72°C for 10 min. Amplification
products were quantified by electrophoresis in 1% agarose
with SYBR Safe staining.
To ensure that similar numbers of sequencing reads
were obtained for each sample, PCR amplicons were
pooled in equal concentrations after cycling and then puri-
fied using the Agencourt® AMPure® XP Kit (Beckman,
USA). DNA was quantified with the Qubit™ fluorometer
and QuantIT ds-DNA BR assay kit. Cleaned, pooled, bar-
coded amplicons were submitted for pyrosequencing
library preparation where they were mixed in equal pro-
portions with other samples prior to emulsion PCR for GS
FLX pyrosequencing (454 Life Sciences, USA).
Analysis of SSU rRNA gene sequences
SSU rRNA sequence data were obtained from the multi-
plexed 454 run by converting the pyrosequencing flow-
grams to sequence reads using the standard software
provided by 454 Life Sciences [19,40]. Short and/or low
quality reads were removed using UCHIME version 4.2
[79], and homopolymer errors were corrected using
Acacia [80]. Sequence data were analyzed using a pyro-
tag (pyrosequence reads) processing pipeline, Quantitive
Insights Into Microbial Ecology (QIIME) [81] and CD-
HIT [82]. Reads were hard trimmed to 250 bp and clus-
tered into operational taxonomic units (OTUs) with a
threshold of 97% sequence identity using MCL [83].
OTU representatives were compared to the Greengenes
database (February 2011 release) for taxonomy assign-
ment using BLAST [84,85]. A table which lists the rela-
tive abundance of each OTU in each sample was
generated and visualized as a heatmap. The relationship
between the microbial communities in different samples
was assessed using jackknifed UPGMA trees derived
from the distance matrices obtained with the phylogeny-
based unweighted and weighted Soergel beta-diversity
measures implemented in Express Beta Diversity v1.04
[86]. The Soergel distance measures community related-
ness based on phylogeny and either presence/absence
(unweighted) or relative abundance (weighted) of OTUs
[87-89]. A comparative analysis of several phylogenetic
beta-diversity measures resulted in the recommendation
of the Soergel measure based in part on the unweighted
variant being identical to unweighted UniFrac and the
weighted variant being closely related to normalized,
weighted UniFrac [86]. The relative abundance of differ-
ent phyla within the higher and lower termites was com-
pared using Welch’s t-tests with Šidák multiple test
correction as implemented in STAMP [90].
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The mitochondrial cytochrome oxidase II (COII) gene
was amplified with PCR using three sets of primers
Fleu/Rlys (TCT AAT ATG GCA GAT TAG TGC/GAG
ACC AGT ACT TGC TTT CAG TCA TC), COIIF-
M13/COIIR-M13 (GTT TTC CCA GTC ACG ACG
TTG TAC AGA TAA GTG CAT TGG ATT T/AGG
AAA CAG CTA TGA CCA TGG TTT AAG AGA CCA
GTA CTT G), and COIIFw-M13/COIIRw-M13 (GTT
TTC CCA GTC ACG ACG TTG TAC AGA YWA GTG
CAH TGG ATT T/AGG AAA CAG CTA TGA CCA
TGG TTT AAG AGA CCA KTA CTT G). This gene is
commonly used for identification of termite species
[11,91]. The amplification products were purified and
directly sent for Sanger sequencing (Macrogen Inc.,
Korea). The sequences were manually trimmed and
inspected using Geneious software (www.geneious.com).
Reference COII nucleotide sequences were obtained
from the National Center for Biotechnology Information
server (http://www.ncbi.nlm.nih.gov) and aligned using
Clustal W in ARB [92], followed by manual checking
and refinement of the automated alignment. Nucleotide
and amino acid-based trees were constructed using a
neighbor-joining method in ARB, and the topologies
were compared. The COII tree was inferred using
FastTree v2.1.3 [93] with the generalized time-reversible
model of nucleotide evolution.Nucleotide sequence accession numbers
All SSU rRNA sequence data obtained from this study
have been deposited in GenBank under BioProject
PRJNA248567. The COII termite host sequences are de-
posited under the accession numbers KJ907786–KJ907853.Additional files
Additional file 1: Table S1. Details of the 68 specimens collected in
the present study.
Additional file 2: Figure S1. Maximum likelihood (FastTree) tree of
aligned mitochondrial cytochrome oxidase (COII) genes from termite
samples included in this study (in blue) and publicly available reference
sequences. Family level affiliations are indicated by color according to the
legend at left.
Additional file 3: Figure S2. Soldier morphologies of several termite
specimens collected in Australia.
Additional file 4: Figure S3. Redundancy analysis (RDA) plots of
microbial profiles obtained from biological replicates of four termite
genera. Differences were significantly less between biological replicates
than between genera.
Additional file 5: Figure S4. Rarefaction curves and associated
Shannon diversity indices (H) of microbial profiles obtained for each
of the 66 samples separated into different panels by termite genus
affiliation.
Additional file 6: Table S2. Effect of rRNA copy number correction on
termite gut profile relative abundance estimates for OTUs with ≥1% in at
least one sample.Additional file 7: Figure S5. Core and accessory bacterial phyla with a
significant difference in mean proportions ≥1% between higher and
lower termites and a p value ≤0.05. Statistical significance was assessed
using Welch’s t-test with Šidák multiple test correction.
Additional file 8: Figure S6. Relative proportion of Elusimicrobia across
the higher and lower termite samples. Termite genus affiliations of the
samples is shown to the left of the figure.
Additional file 9: Figure S7. Average whole gut microbial community
profiles of the 16 termite genera surveyed in this study. The profiles of
the polyphagous termite genera Gnathamitermes and Nasutitermes are
further divided by diet (in colored boxes).
Additional file 10: Figure S8. Heatmap of bacterial OTUs (97% seq id)
with ≥10% relative abundance or ≥50% prevalence across the 66 termite
samples (Figure 2). Each row represents an OTU and each column a gut
sample with relative abundance as a percentage of the total microbial
community indicated by numbers and shading according to the legend.
The termite genus and family for each sample is indicated at the top and
bottom of the figure, respectively, and OTU phylogeny is indicated to the
left (phylum) and right (mostly genus) of the figure.
Additional file 11: Table S3. Distribution of identical sequence clusters
comprising >10 reads in Treponema OTU1 (comprising 7,223 reads in
total). Each row represents an identical cluster and each column a gut
sample with absolute numbers of reads for each cluster and sample
shown. The termite genus and family for each sample and country of
origin are indicated at the top of the table using color coding.
Additional file 12: Figure S9. Heatmap of archaeal OTUs generated
with two primer pairs in whole gut samples of termites with ≥10%
archaeal relative abundance (Table 2). Each row represents a different
OTU, and the abundance as a percentage of the total community is
indicated by shading according to the legend. Termite family affiliations
of each sample are indicated at the top the figure, respectively, and OTU
phylogeny is indicated to the left (phylum) and right (mostly genus) of
the figure.
Additional file 13: Figure S10. Heatmap of protist OTUs (97% seq id)
across the 66 termite samples. Each row represents an OTU and
each column a gut sample with relative abundance as a percentage
of the total microbial community indicated by numbers and shading
according to the legend. The termite genus and family for each sample
is indicated at the top and bottom of the figure, respectively, and OTU
phylogeny is indicated to the left (phylum) and right (mostly genus) of
the figure.
Additional file 14: Table S4. Consistency analysis of microbial
community relationships based on weighted and unweighted Soergel
distances with host phylogeny (COII) and presumptive diet.
Additional file 15: Figure S11. UPGMA tree of weighted (relative
abundance taken into account) Soergel pairwise distances between
bacterial profiles showing a drop in consistency with host phylogeny
(particularly family level) relative to the unweighted analysis (Figure 4;
Additional file 14: Table S4). The values on interior nodes represent
jackknife support values ≥49. Termite host affiliation (family) is indicated
to the right of the tree.
Additional file 16: Figure S12. Comparison of termite gut bacterial
profiles obtained in the present study (rRNA copy number corrected and
uncorrected profiles) and by [24]. An additional Mastotermes profile
reported by [41] is also included for reference. For each study, the
profiles are averaged across samples belonging to the same termite
genus (number of samples is shown above each bar).Abbreviations
DNA: deoxyribonucleic acid; dNTPs: deoxynucleoside triphosphate;
MID: multiplex identifiers; OTU: operational taxonomic unit; PCR: polymerase
chain reaction; SSU rRNA: small subunit ribosomal RNA.Competing interests
The authors declare that they have no competing interests.
Abdul Rahman et al. Microbiome  (2015) 3:5 Page 14 of 16Authors’ contributions
NAR, FW, and PH designed the study. NAR, ALE, FW, RHS, and PH obtained
and processed specimens. NAR, DHP, DLW, SKG, and PH performed data
analyses. NAR and PH wrote the manuscript with input from all authors. All
authors read and approved the final manuscript.Acknowledgements
We thank the following colleagues for assistance with collection and
processing of specimens used in this study: Martin Allgaier, Gary Cochrane,
John Gosper, Patrick Keeling, Scott Kleinschmidt, Victor Kunin, Linda Ly,
Lisa Margonelli, Mark Morrison, Micheal Neal, Peter O’Donoghue, Carly
Rosewarne, Rochelle Soo, and Brian Thistleton. We thank Shaomei He and
Susannah Tringe for sample sorting and shipping of US termite samples to
Australia; Fiona May, Sue Read, and members of the JGI production team for
assistance with pyrosequencing; Stephanie Malfatti for assistance with
sequence analysis; Lyn Cook for useful discussions on marker genes; and
Ray Lee for isotope analysis. The study was supported by funding to the
Australian Centre for Ecogenomics and the DOE Joint Genome Institute and
Queensland Smart Futures Fund (Future biofuels). NAR was supported by a
UQ Research Scholarship. We dedicate this manuscript to the memory of our
friend and colleague Falk Warnecke (1972–2014).
Author details
1Australian Centre for Ecogenomics, School of Chemistry and Molecular
Biosciences, The University of Queensland, St Lucia, Brisbane, Queensland,
Australia. 2Current address: Department of Statistics, University of Illinois
Urbana-Champaign, Champaign, IL, USA. 3DOE Joint Genome Institute,
Walnut Creek, CA, USA. 4Current address: Energy Biosciences Institute,
University of California, Berkeley, CA, USA. 5Biology Department, Occidental
College, Los Angeles, CA, USA. 6Jena School for Microbial Communication
(JSMC) and Microbial Ecology Group, Friedrich Schiller University Jena, Jena,
Germany. 7Fort Lauderdale Research and Education Center, University of
Florida, Davie, FL, USA.
Received: 15 June 2014 Accepted: 2 January 2015
References
1. Moran NA, Mira A. The process of genome shrinkage in the obligate
symbiont Buchnera aphidicola. Genome Biol. 2001;2:1–0054.0012.
2. Bandi C, Anderson TJ, Genchi C, Blaxter ML. Phylogeny of Wolbachia in
filarial nematodes. Proc R Soc Lond Ser B Biol Sci. 1998;265:2407–13.
3. Ley RE, Lozupone CA, Hamady M, Knight R, Gordon JI. Worlds within
worlds: evolution of the vertebrate gut microbiota. Nat Rev Microbiol.
2008;6:776–88.
4. Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey RR, Bircher JS, et al.
Evolution of mammals and their gut microbes. Science. 2008;320:1647–51.
5. Ochman H, Worobey M, Kuo CH, Ndjango JB, Peeters M, Hahn BH, et al.
Evolutionary relationships of wild hominids recapitulated by gut microbial
communities. PLoS Biol. 2010;8:e1000546.
6. Douglas AE. Lessons from studying insect symbioses. Cell Host Microbe.
2011;10:359–67.
7. Brune A. Symbiotic digestion of lignocellulose in termite guts. Nat Rev
Microbiol. 2014;12:168–80.
8. Krishna K, Grimaldi DA, Krishna V, Engel MS. Treatise on the Isoptera of the
world. Bull Am Mus Nat Hist. 2013;377:200–623.
9. Noda S, Kitade O, Inoue T, Kawai M, Kanuka M, Hiroshima K, et al.
Cospeciation in the triplex symbiosis of termite gut protists
(Pseudotrichonympha spp.), their hosts, and their bacterial endosymbionts.
Mol Ecol. 2007;16:1257–66.
10. Liu H, Beckenbach AT. Evolution of the mitochondrial cytochrome oxidase II
gene among 10 orders of insects. Mol Phylogenet Evol. 1992;1:41–52.
11. Legendre F, Whiting MF, Bordereau C, Cancello EM, Evans TA, Grandcolas P.
The phylogeny of termites (Dictyoptera: Isoptera) based on mitochondrial
and nuclear markers: Implications for the evolution of the worker and
pseudergate castes, and foraging behaviors. Mol Phylogenet Evol.
2008;48:615–27.
12. Thompson G, Kitade O, Lo N, Crozier R. Phylogenetic evidence for a
single, ancestral origin of a ‘true’ worker caste in termites. J Evol Biol.
2000;13:869–81.13. Ware JL, Grimaldi DA, Engel MS. The effects of fossil placement and
calibration on divergence times and rates: an example from the termites
(Insecta: Isoptera). Arthropod Struct Dev. 2010;39:204–19.
14. Inward DJ, Vogler AP, Eggleton P. A comprehensive phylogenetic analysis of
termites (Isoptera) illuminates key aspects of their evolutionary biology. Mol
Phylogenet Evol. 2007;44:953–67.
15. Scheffrahn RH, Postle A. New termite species and newly recorded genus for
Australia: Marginitermes absitus (Isoptera: Kalotermitidae). Aust J Entomol.
2013;52:199–205.
16. Lane DJ. Nucleic acid techniques in bacterial systematics. In: SEG M, editor.
Nucleic Acid Techniques in Bacterial Systematics. New York: Wiley; 1991.
p. 115–75.
17. Angly FE, Dennis PG, Skarshewski A, Vanwonterghem I, Hugenholtz P,
Tyson GW. CopyRighter: a rapid tool for improving the accuracy of
microbial community profiles through lineage-specific gene copy number
correction. Microbiome. 2014;2:11.
18. Turnbaugh PJ, Quince C, Faith JJ, McHardy AC, Yatsunenko T, Niazi F, et al.
Organismal, genetic, and transcriptional variation in the deeply sequenced
gut microbiomes of identical twins. Proc Natl Acad Sci. 2010;107:7503–8.
19. Kunin V, Engelbrektson A, Ochman H, Hugenholtz P. Wrinkles in the rare
biosphere: pyrosequencing errors can lead to artificial inflation of diversity
estimates. Environ Microbiol. 2010;12:118–23.
20. Patin N, Kunin V, Lidström U, Ashby M. Effects of OTU clustering and PCR
artifacts on microbial diversity estimates. Microb Ecol. 2013;65:709–19.
21. Großkopf R, Stubner S, Liesack W. Novel euryarchaeotal lineages detected
on rice roots and in the anoxic bulk soil of flooded rice microcosms. Appl
Environ Microbiol. 1998;64:4983–9.
22. Gong J, Dong J, Liu X, Massana R. Extremely high copy numbers and
polymorphisms of the rDNA operon estimated from single cell analysis of
oligotrich and peritrich ciliates. Protist. 2013;164:369–79.
23. He S, Ivanova N, Kirton E, Allgaier M, Bergin C, Scheffrahn RH, et al.
Comparative metagenomic and metatranscriptomic analysis of hindgut
paunch microbiota in wood- and dung-feeding higher termites. PLoS
One. 2013;8:e61126.
24. Dietrich C, Köhler T, Brune A. The cockroach origin of the termite gut
microbiota: patterns in bacterial community structure reflect major
evolutionary events. Appl Environ Microbiol. 2014;80:2261–9.
25. Hongoh Y. Diversity and genomes of uncultured microbial symbionts in the
termite gut. Biosci Biotechnol Biochem. 2010;74:1145–51.
26. Douglas A. The microbial dimension in insect nutritional ecology. Funct
Ecol. 2009;23:38–47.
27. Engel P, Moran NA. The gut microbiota of insects—diversity in structure
and function. FEMS Microbiol Rev. 2013;37:699–735.
28. Hongoh Y, Deevong P, Inoue T, Moriya S, Trakulnaleamsai S, Ohkuma M,
et al. Intra- and interspecific comparisons of bacterial diversity and community
structure support coevolution of gut microbiota and termite host. Appl Environ
Microbiol. 2005;71:6590–9.
29. Hongoh Y, Ohkuma M, Kudo T. Molecular analysis of bacterial microbiota in
the gut of the termite Reticulitermes speratus (Isoptera; Rhinotermitidae).
FEMS Microbiol Ecol. 2003;44:231–42.
30. Husseneder C. Symbiosis in subterranean termites: a review of insights from
molecular studies. Environ Entomol. 2010;39:378–88.
31. Ikeda-Ohtsubo W, Faivre N, Brune A. Putatively free-living ‘Endomicrobia’—
ancestors of the intracellular symbionts of termite gut flagellates? Environ
Microbiol Rep. 2010;2:554–9.
32. Kohler T, Stingl U, Meuser K, Brune A. Novel lineages of planctomycetes
densely colonize the alkaline gut of soil-feeding termites (Cubitermes spp.).
Environ Microbiol. 2008;10:1260–70.
33. Nakajima H, Hongoh Y, Noda S, Yoshida Y, Usami R, Kudo T, et al.
Phylogenetic and morphological diversity of Bacteroidales members
associated with the gut wall of termites. Biosci Biotechnol Biochem.
2006;70:211–8.
34. Schauer C, Thompson CL, Brune A. The bacterial community in the gut of
the cockroach Shelfordella lateralis reflects the close evolutionary relatedness
of cockroaches and termites. Appl Environ Microbiol. 2012;78:2758–67.
35. Tholen A, Brune A. Localization and in situ activities of homoacetogenic
bacteria in the highly compartmentalized hindgut of soil-feeding higher
termites (Cubitermes spp.). Appl Environ Microbiol. 1999;65:4497–505.
36. Shinzato N, Muramatsu M, Matsui T, Watanabe Y. Molecular phylogenetic
diversity of the bacterial community in the gut of the termite Coptotermes
formosanus. Biosci Biotechnol Biochem. 2005;69:1145–55.
Abdul Rahman et al. Microbiome  (2015) 3:5 Page 15 of 1637. Warnecke F, Hugenholtz P. Building on basic metagenomics with
complementary technologies. Genome Biol. 2007;8:231.
38. Yang H, Schmitt‐Wagner D, Stingl U, Brune A. Niche heterogeneity
determines bacterial community structure in the termite gut (Reticulitermes
santonensis). Environ Microbiol. 2005;7:916–32.
39. Morgan JL, Darling AE, Eisen JA. Metagenomic sequencing of an in vitro-
simulated microbial community. PLoS One. 2010;5:e10209.
40. Engelbrektson A, Kunin V, Wrighton KC, Zvenigorodsky N, Chen F, Ochman H,
et al. Experimental factors affecting PCR-based estimates of microbial species
richness and evenness. Int Soc Microbial Ecol J. 2010;4:642–7.
41. Sabree ZL, Moran NA. Host-specific assemblages typify gut microbial
communities of related insect species. SpringerPlus. 2014;3:138.
42. Noda S, Inoue T, Hongoh Y, Kawai M, Nalepa CA, Vongkaluang C, et al.
Identification and characterization of ectosymbionts of distinct lineages in
Bacteroidales attached to flagellated protists in the gut of termites and a
wood‐feeding cockroach. Environ Microbiol. 2006;8:11–20.
43. Noda S, Iida T, Kitade O, Nakajima H, Kudo T, Ohkuma M. Endosymbiotic
Bacteroidales bacteria of the flagellated protist Pseudotrichonympha grassii in
the gut of the termite Coptotermes formosanus. Appl Environ Microbiol.
2005;71:8811–7.
44. Hongoh Y, Sharma VK, Prakash T, Noda S, Toh H, Taylor TD, et al. Genome
of an endosymbiont coupling N2 fixation to cellulolysis within protist cells
in termite gut. Science. 2008;322:1108–9.
45. Stingl U, Maass A, Radek R, Brune A. Symbionts of the gut flagellate
Staurojoenina sp. from Neotermes cubanus represent a novel, termite-
associated lineage of Bacteroidales: description of ‘Candidatus Vestibaculum
illigatum’. Microbiology. 2004;150:2229–35.
46. Yamin MA. Flagellates of the orders Trichomonadida Kirby, Oxymonadida
Grassé, and Hypermastigida Grassi and Foà: reported from Lower Termites
(Isoptera families Mastotermitidae, Kalotermitidae, Hodotermitidae,
Termopsidae, Rhinotermitidae, and Serritermitidae) and from the wood-
feeding roach Cryptocercus (Dictyoptera: Cryptocercidae). California: California
State University; 1979
47. Gile GH, Carpenter KJ, James ER, Scheffrahn RH, Keeling PJ. Morphology and
molecular phylogeny of Staurojoenina mulleri sp. nov. (Trichonymphida,
Parabasalia) from the hindgut of the Kalotermitid Neotermes jouteli. J
Eukaryot Microbiol. 2013;60:203–13.
48. Stingl U, Radek R, Yang H, Brune A. “Endomicrobia”: cytoplasmic symbionts
of termite gut protozoa form a separate phylum of prokaryotes. Appl
Environ Microbiol. 2005;71:1473–9.
49. Ikeda-Ohtsubo W, Desai M, Stingl U, Brune A. Phylogenetic diversity of
‘Endomicrobia’and their specific affiliation with termite gut flagellates.
Microbiology. 2007;153:3458–65.
50. Ohkuma M, Sato T, Noda S, Ui S, Kudo T, Hongoh Y. The candidate phylum
‘Termite Group 1’ of bacteria: phylogenetic diversity, distribution, and
endosymbiont members of various gut flagellated protists. FEMS Microbiol
Ecol. 2007;60:467–76.
51. Brandl R, Hyodo F, Korff-Schmising M, Maekawa K, Miura T, Takematsu Y,
et al. Divergence times in the termite genus Macrotermes (Isoptera:
Termitidae). Mol Phylogenet Evol. 2007;45:239–50.
52. Eutick ML, Veivers P, O’Brien RW, Slaytor M. Dependence of the higher
termite, Nasutitermes exitiosus and the lower termite, Coptotermes lacteus on
their gut flora. J Insect Physiol. 1978;24:363–8.
53. Warnecke F, Luginbuhl P, Ivanova N, Ghassemian M, Richardson TH,
Stege JT, et al. Metagenomic and functional analysis of hindgut
microbiota of a wood-feeding higher termite. Nature. 2007;450:560–5.
54. Ohkuma M, Iida T, Kudo T. Phylogenetic relationships of symbiotic spirochetes
in the gut of diverse termites. FEMS Microbiol Lett. 1999;181:123–9.
55. Berlanga M, Paster BJ, Guerrero R. The taxophysiological paradox: changes
in the intestinal microbiota of the xylophagous cockroach Cryptocercus
punctulatus depending on the physiological state of the host. Int Microbiol.
2009;12:227–36.
56. Breznak JA, Leadbetter JR. Termite gut spirochetes. In: The prokaryotes.
New York: Springer; 2006. p. 318–29.
57. Kuhnigk T, Branke J, Krekeler D, Cypionka H, König H. A feasible role of
sulfate-reducing bacteria in the termite gut. Syst Appl Microbiol.
1996;19:139–49.
58. Rosenthal AZ, Zhang X, Lucey KS, Ottesen EA, Trivedi V, Choi HM, et al.
Localizing transcripts to single cells suggests an important role of
uncultured deltaproteobacteria in the termite gut hydrogen economy.
Proc Natl Acad Sci. 2013;110:16163–8.59. Bignell DE, Eggleton P. On the elevated intestinal pH of higher termites
(Isoptera: Termitidae). Ins Soc. 1995;42:57–69.
60. Brauman A, Dore J, Eggleton P, Bignell D, Breznak JA, Kane MD. Molecular
phylogenetic profiling of prokaryotic communities in guts of termites with
different feeding habits. FEMS Microbiol Ecol. 2001;35:27–36.
61. Ohkuma M, Noda S, Kudo T. Phylogenetic diversity of nitrogen fixation
genes in the symbiotic microbial community in the gut of diverse termites.
Appl Environ Microbiol. 1999;65:4926–34.
62. Tokura M, Ohkuma M, Kudo T. Molecular phylogeny of methanogens
associated with flagellated protists in the gut and with the gut epithelium
of termites. FEMS Microbiol Ecol. 2000;33:233–40.
63. Shinzato N, Matsumoto T, Yamaoka I, Oshima T, Yamagishi A. Methanogenic
symbionts and the locality of their host lower termites. Microbes Environ.
2001;16:43–7.
64. Paul K, Nonoh JO, Mikulski L, Brune A. “Methanoplasmatales”, Thermoplasmatales-
related archaea in termite guts and other environments, are the seventh order of
methanogens. Appl Environ Microbiol. 2012;78:8245–53.
65. Hadziavdic K, Lekang K, Lanzen A, Jonassen I, Thompson EM, Troedsson C.
Characterization of the 18S rRNA gene for designing universal eukaryote
specific primers. PLoS One. 2014;9:e87624.
66. Wang Y, Tian RM, Gao ZM, Bougouffa S, Qian P-Y. Optimal eukaryotic 18S
and universal 16S/18S ribosomal RNA primers and their application in a
study of symbiosis. PLoS One. 2014;9:e90053.
67. Lewis JL, Forschler BT. Protist communities from four castes and three
species of Reticulitermes (Isoptera: Rhinotermitidae). Ann Entomol Soc Am.
2004;97:1242–51.
68. Hongoh Y. Toward the functional analysis of uncultivable, symbiotic
microorganisms in the termite gut. Cell Mol Life Sci. 2011;68:1311–25.
69. Brune A, Ohkuma M. Role of the termite gut microbiota in symbiotic
digestion. In: Bignell DE, Roisin Y, Lo N, editors. Biology of Termites: a
Modern Synthesis. Netherlands: Springer; 2011. p. 439–75.
70. Hongoh Y. Who digests the lignocellulose? Environ Microbiol.
2014;9:2644–5.
71. Lynn DH, Wright A-DG. Biodiversity and molecular phylogeny of Australian
Clevelandella species (class Armophorea, order Clevelandellida, family
Clevelandellidae), intestinal endosymbiotic ciliates in the wood-feeding
roach Panesthia cribrata Saussure, 1864. J Eukaryot Microbiol. 2013;60:335–41.
72. Kirby H. Protozoa in termites of the genus Amitermes. Parasitology.
1932;24:289–304.
73. Abe T, Bignell DE, Higashi M. Termites: evolution, sociality, symbioses,
ecology. Dordrecht: Kluwer Academic Publishers; 2000.
74. Huang Q-Y, Wang W-P, Mo R-Y, Lei C-L. Studies on feeding and trophallaxis
in the subterranean termite Odontotermes formosanus using rubidium
chloride. Entomol Exp Appl. 2008;129:210–5.
75. Mikaelyan A, Strassert JF, Tokuda G, Brune A. The fibre‐associated cellulolytic
bacterial community in the hindgut of wood‐feeding higher termites
(Nasutitermes spp.). Environ Microbiol. 2014;16:2711–22.
76. Andersen AN, Jacklyn P. Termites of the top end. Australia: CSIRO
Publishing; 1993.
77. Huang X-F, Bakker MG, Judd TM, Reardon KF, Vivanco JM. Variations in
diversity and richness of gut bacterial communities of termites (Reticulitermes
flavipes) fed with grassy and woody plant substrates. Microbial Ecol. 2013;65:1–6.
78. Boucias DG, Cai Y, Sun Y, Lietze VU, Sen R, Raychoudhury R, et al. The
hindgut lumen prokaryotic microbiota of the termite Reticulitermes flavipes
and its responses to dietary lignocellulose composition. Mol Ecol.
2013;22:1836–53.
79. Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics. 2011;27:2194–200.
80. Bragg L, Stone G, Imelfort M, Hugenholtz P, Tyson GW. Fast, accurate error-
correction of amplicon pyrosequences using Acacia. Nat Methods.
2012;9:425–6.
81. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK,
et al. QIIME allows analysis of high-throughput community sequencing data.
Nat Methods. 2010;7:335–6.
82. Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the next-
generation sequencing data. Bioinformatics. 2012;28:3150–2.
83. Kunin V, Hugenholtz P. PyroTagger: A fast, accurate pipeline for analysis of
rRNA amplicon pyrosequence data. Open J. 2010;1:1–8.
84. McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A,
et al. An improved Greengenes taxonomy with explicit ranks for ecological
and evolutionary analyses of bacteria and archaea. ISME J. 2012;6:610–8.
Abdul Rahman et al. Microbiome  (2015) 3:5 Page 16 of 1685. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. J Mol Biol. 1990;215:403–10.
86. Parks DH, Beiko RG. Measures of phylogenetic differentiation provide robust
and complementary insights into microbial communities. ISME J.
2013;7:173–83.
87. Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing
microbial communities. Appl Environ Microbiol. 2005;71:8228–35.
88. Lozupone C, Hamady M, Knight R. UniFrac—an online tool for comparing
microbial community diversity in a phylogenetic context. BMC
Bioinformatics. 2006;7:371.
89. Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an
effective distance metric for microbial community comparison. ISME J.
2011;5:169–72.
90. Parks DH, Beiko RG. Identifying biologically relevant differences between
metagenomic communities. Bioinformatics. 2010;26:715–21.
91. Ohkuma M, Yuzawa H, Amornsak W, Sornnuwat Y, Takematsu Y, Yamada A,
et al. Molecular phylogeny of Asian termites (Isoptera) of the families
Termitidae and Rhinotermitidae based on mitochondrial COII sequences.
Mol Phylogenet Evol. 2004;31:701–10.
92. Ludwig W, Strunk O, Westram R, Richter L, Meier H, Buchner A, et al.
ARB: a software environment for sequence data. Nucleic Acids Res.
2004;32:1363–71.
93. Price MN, Dehal PS, Arkin AP. FastTree: computing large minimum
evolution trees with profiles instead of a distance matrix. Mol Biol
Evol. 2009;26:1641–50.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
